Introduction {#sec1}
============

Biosensors are generally defined as integrated analytical devices, which convert biological recognition events related to environmental changes or target analytes into a measurable signal.^[@ref1]^ Biosensors offer rapid and on-site/point-of-care detection and have been widely used for monitoring environment pollutants, chemical substances, traces of toxins, and hormones in the field of environmental monitoring, food safety, health care, and biomedicine. In this context also biological or biologically derived sensing elements, such as enzymes, antibodies, DNA, and whole cells, have been used as biosensors.^[@ref2]^ Among them, living cells and especially genetically engineered microorganisms have shown advantages as biosensors. After genetic modification, the microorganism can produce reporter proteins under a promoter's transcriptional control in a dose-dependent fashion in response to the presence of target compounds.^[@ref3]^ Thereby, whole-cell biosensors can provide a desirable signal output with very high sensitivity and selectivity. Whole-cell biosensors are a good alternative to enzyme- or antibody-based biosensors, since microbial cells can be grown rapidly at low cost, require little maintenance, and exhibit high selectivity.

Traditionally, whole bacteria cell biosensors are optimized to produce electric currents, heat, chromogens, or luminescence or fluorescence signals transcriptionally regulated via promotors that are naturally activated when exposed to chemicals or environmental physical stresses.^[@ref4]^ Quorum sensing, in which bacteria use small signaling molecules called autoinducers to regulate their gene expression in response to e.g. fluctuations of bacteria population density, is an attractive mechanism for whole cell sensing. Gram-negative bacteria mainly use *N*-acylhomoserine lactones (AHLs), while Gram-positive bacteria often use oligopeptides for the population-dependent interbacteria communication.^[@ref5]^ Quorum sensing is involved in several physiological processes, such as symbiosis, production of antibiotics, motility, conjugation, and biofilm formation. In particular, the adherence of bacteria and their formation of biofilms possess great impact in ecology, medicine, and industry. For example, the biofilm formation of the Gram-negative bacterium *Pseudomonas aeruginosa* (*P. aeruginosa*) and the accompanying increase in antibiotic resistance may cause acute and chronic infections.^[@ref6]^ Thus, the detection of early stages of biofilm formation is an important target for point of care bacteria growth monitoring.

Poh et al. have reported on a genetically engineered *Escherichia coli* (*E. coli*) carrying a synthetic genetic system, which comprises quorum sensing, killing, and lysing devices, that enables *E. coli* to sense and eradicate pathogenic *P. aeruginosa* strains.^[@ref7]^ The *E. coli* pTetR-LasR-pLuxR-GFP (*E. coli* pLuxR-GFP) exhibiting an AHL sensing device has been verified to possess an optimal sensing activity approximately in the concentration range of AHLs secreted by *P. aeruginosa*.^[@ref7]^ In order to maintain both viability and activity of these engineered *E. coli* pLuxR-GFP in otherwise detrimental environmental conditions (e.g., pH, heat, and toxic compounds) and to separate the sensor bacteria from the surrounding media for easy handling, bacteria were, as reported here, encapsulated into hydrogel microbeads to form a robust biosensing element.

Related hydrogel-based capsules and beads, composed of water-swollen three-dimensionally cross-linked polymeric networks, have been extensively studied for the encapsulation of living cells to retain cell viability and functionality.^[@ref8],[@ref9]^ Alginate, as an anionic polysaccharide with a linear copolymer composed of 1 → 4 linked β-[d]{.smallcaps}-mannuronic acid (M) and α-[l]{.smallcaps}-guluronic acid (G),^[@ref10]^ can be cross-linked via the interaction between the carboxylic acid groups of the alginate and divalent ions like Ca^2+^. The corresponding rapid and nondetrimental cell encapsulation process has made alginate the most commonly used material for bioencapsulation. For instance, viable lactic acid bacteria^[@ref11]^ and *Lactobacillus plantarum*([@ref12]) have been embedded in alginate beads. However, the ionic cross-linking is easily broken by cationic scavengers, such as the nongelling cations sodium, or chelators, such as citrate. Hence, as-prepared beads may suffer from insufficient stability, poor mechanical properties, and noncontrollable permeability, the modification of alginate systems has attracted considerable attention. Several covalent cross-linking strategies, including photo-cross-linking, have been utilized instead of ionic cross-linking;^[@ref13]^ e.g., alginate functionalized with 2-aminoethyl methacrylate^[@ref14]^ or with methacrylate groups was polymerized by photo-cross-linking.^[@ref15]^ Up to date, most of the studies are aim for eukaryotic cells encapsulation.

Here we report on the development of reporter *E. coli* pLuxR-GFP loaded alginate-based hydrogel microbeads for the detection of bacteria via their secreted autoinducers that were reinforced by photo-cross-linking to prevent bacteria leaching ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Apart from the systematic investigation of the impact of ionic and covalent cross-linking on the swelling properties, the viability, bacteria escape, and functionality of the encapsulated reporter *E. coli* pLuxR-GFP were investigated, in particular in sensing *N*-(3-oxododecanoyl)homoserine lactone (3OC~12~HSL), an autoinducer secreted by *P. aeruginosa*, via the autoinducer-triggered expression of green fluorescent protein (GFP).

![Schematic of reporter bacterium *E. coli* pTetR-LasR-pLuxR-GFP^[@ref7]^ loaded alginate-based hydrogel microbeads and the autoinducer-triggered expression of green fluorescent protein (right). The alginate-based hydrogel beads were fabricated using the electrostatic extrusion method (left: schematic of the electrostatic extrusion setup used for microscale bead formation). Ionic cross-linking and photo-cross-linking were involved in bead formation and reinforcement, respectively.](am-2017-071667_0001){#fig1}

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Alginic acid sodium salt, glycidyl methacrylate, triethylamine, tetrabutylammonium bromide, calcium chloride hexahydrate, sodium chloride, 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), hexamethyldisiloxane, Trizma base, Fluoresceinamine isomer I, *N*-(3-(dimethylamino)propyl)-*N*′-ethylcarbodiimide hydrochloride (EDC), *N*-hydroxysulfosuccinimide sodium salt (Sulfo-NHS), 2-(*N*-morpholino)ethanesulfonic acid (MES) hydrate, and *N*-(3-oxododecanoyl)homoserine lactone were purchased from Sigma-Aldrich and used without further purification. Hydrochloric acid was purchased from Fisher Chemical. *N*-Dodecanoyl-[l]{.smallcaps}-homoserine lactone-3-hydrazone fluorescein was purchased from Biomol. Luria-Bertani medium (LB broth) and LB agar were purchased from Carl Roth (Germany). Throughout the whole study, Milli-Q water drawn from a Millipore Direct Q8 system with Millimark Express 40 filter (Merck, Germany) was used.

Alginate--Methacrylate Synthesis {#sec2.2}
--------------------------------

Photopolymerizable methacrylate groups were added to alginate to yield alginate--methacrylate (alginate-MA) via glycidyl methacrylate reaction. Briefly, 1.00 g of alginic acid sodium salt was dissolved in 100 mL of Milli-Q water to form a 1% w/v solution at 25 °C; 2.2 mL of triethylamine, 4.4 mL of glycidyl methacrylate, and 2.2 g of tetrabutylammonium bromide were added sequentially and carefully mixed before the next component was added. The reaction was conducted at 25 °C for 24 h, followed by 1 h reaction at 60 °C. Then the clear solution was precipitated in an excess amount of acetone (20 times the volume of reaction solution) twice to remove excess reactants.

Synthesis of Fluorescein-Labeled Alginate--Methacrylate {#sec2.3}
-------------------------------------------------------

10 mg of alginate-MA was dissolved in 10 mL of MES buffer (50 mM MES, 50 mM NaCl, pH 6.5) to form a 0.1 wt % alginate-MA solution. 0.25 mM EDC and 0.25 mM Sulfo-NHS were added, and the solution was stirred at 25 °C for 2 h before adding 0.25 mM fluoresceinamine. The reaction mixture was stirred at 25 °C for 18 h. Then the solution was transferred to dialysis membranes (molecular weight cutoff: 3500 Da, Spectrum Laboratories) and dialyzed against Milli-Q water at 25 °C for 3 days (9 times water exchange) in the dark. Finally, the fluorescein-labeled alginate solution was freeze-dried and kept at 4 °C in the dark before use.

Hydrogel Microbead Formation {#sec2.4}
----------------------------

0.2 g of alginate-MA was suspended in 10 mL of Tris buffer (10 mM Tris, pH 8.5) in a septum-capped glass vial at 25 °C and shaken until it was fully dissolved to form a 2 wt % alginate-MA solution. Then 0.01 g of the photoinitiator Irgacure 2959 was added. This solution was transferred into a syringe (1 mL, B. Braun Melsungen AG, Germany). Care was taken to avoid the formation of air bubbles. Then the solution in the syringe was extruded through a 27G blunt end needle (B. Braun Melsungen AG, Germany, o.d. = 0.4 mm, i.d. = 0.2 mm) into 100 mM CaCl~2~ gelling solution that contained 0.1 wt % Irgacure in Tris buffer using a home-built syringe pump. An electric potential between 1.0 and 6.5 kV was applied by a high voltage unit (HCN14-6 500, FuG Elektronik GmbH) with the needle connected to the positively charged electrode. For alginate-MA beads, the beads in the gelling solution were exposed to UV irradiation (CL-1000 series UV cross-linker, with CL-1000L Model 365 nm UV tubes, 5 × 8 W, UVP, UK) for 5 min, and after UV irradiation the beads were kept in gelling solution for another 10 min hardening. For alginate beads, the beads were kept in gelling solution for 15 min to harden. The diameters of at least 50 randomly chosen microbeads were measured using Zen imaging software from the images taken with an optical microscope (Primo Vert light microscope, Carl Zeiss, Germany). Fluorescence microscopy images of fluorescein-labeled alginate-MA beads in CaCl~2~ solution were taken with an Axiovert 135 fluorescence microscope (Carl Zeiss, Germany). The average diameters and standard deviations were calculated from the measured data. Alginate beads were prepared using the same procedure as described above for alginate-MA except no Irgacure 2959 was used for alginate beads.

Hydrogel Microbead Swelling Test {#sec2.5}
--------------------------------

The swelling behavior was investigated by measuring the size of the microbeads after various incubation times in different solutions. Alginate and alginate-MA beads were immersed in 0.9 wt % NaCl, 2 mM, 20 mM, and 100 mM CaCl~2~ as well as in 5 mM and 50 mM sodium citrate solution, respectively. The diameters of at least 50 randomly chosen microbeads were measured using optical microscopy after different time periods, and the average diameters and standard deviations were calculated. The swelling ratio (SR) is defined asand was calculated by determining the mean value of microbead diameter at time *t*, *D*~*t*~, according toHere *D*~0~ denotes the mean value of microbead diameter at time 0, *V*~*t*~ is the calculated volume of microbeads at time *t*, and *V*~0~ is the calculated volume of microbeads at time 0.

Hydrogel Microbead Stability Tests {#sec2.6}
----------------------------------

The hydrogel microbeads were immersed in 0.9 wt % NaCl or 100 mM CaCl~2~ solution and then kept at 37 °C for 1, 3, 7, 14, or 35 days. After each time interval, the microbeads were filtered using cell strainers (mesh size 40 μm, Corning Incorporated, USA), washed with Milli-Q water, dried at 37 °C, and weighted. The average values of three measurements were taken for each sample, and the maintain weight percentage at time *t* is defined as follows:where *W*~*t*~ is the dry weight of degraded microbeads at time *t* and *W*~0~ is the dry weight of microbeads at time 0.

Hydrogel Microbead Permeability Tests {#sec2.7}
-------------------------------------

The permeability of the microbeads was studied by measuring the diffusion of *N*-dodecanoyl-[l]{.smallcaps}-homoserine lactone-3-hydrazone-fluorescein (FITC-AHL) into the hydrogel beads. 0.3 mg of alginate-based beads in 1 mL of CaCl~2~ Tris buffer (100 mM) was filtered using cell strainers, and excess water was absorbed using filter paper before they were immersed into 1 mL of FITC-AHL Tris solution (1.0 × 10^--5^ mol/L) for 1, 2, 3, 5, or 10 min. The FITC-AHL concentration of the supernatant was monitored. Beads were filtered and immersed into 1 mL of 50 mM sodium citrate solution to release FITC-AHL inside beads. The concentration of the released FITC-AHL was determined using a microplate reader (Tecan SAFIRE, Tecan, Switzerland) with a black flat-bottom 96-well plate (Greiner Bio-one, Germany). Fluorescence intensity vs concentration standard curves of FITC-AHL in Tris buffer and 50 mM sodium citrate solution were studied and plotted.

Microencapsulation of *E. coli* PLuxR-GFP {#sec2.8}
-----------------------------------------

All cells involved in encapsulation and characterization experiments were *Escherichia coli* TOP10 pTetR-LasR-pLuxR-GFP^[@ref7]^ (*E. coli* pLuxR-GFP as abbreviation) without further genetic modification. The glycerol stock was stored at −80 °C. Stocks were streaked and diluted onto LB agar plates containing 100 μg/mL ampicillin. Plates were incubated overnight at 37 °C to form colonies and stored at 4 °C for less than 1 month. A single colony of *E. coli* pLuxR-GFP was cultivated in 5 mL of LB broth supplemented with ampicillin (100 μg/mL) for 16 h in a shaking incubator (MaxQ 4000 benchtop orbital shaker, Thermo Scientific, USA) at 37 °C and 200 rpm to reach the exponential growth phase (OD~600~ ≈ 0.5). 1 mL cell suspension was pelleted in a sterilized Eppendorf snap-cap microcentrifuge tube by centrifugation for 10 min at 5000*g* (microcentrifuge, Micro Star 17, VWR, USA), and the supernatant was discarded. The solutions were sterilized using 0.22 μm Millex-GS filter (Carl Roth, Germany). The cells were resuspended in 1 mL of 2 wt % alginate solution or 1 mL of 2 wt % alginate-MA solution with 0.1 wt % Irgacure 2959. The bacteria--polymer suspension was transferred into a 1 mL syringe and extruded at electric potential difference of 6.0 kV through a 27G blunt end needle into a 100 mM CaCl~2~ gelling solution with or without 0.1 wt % Irgacure 2959. The formed microbeads were rinsed with sterile Tris buffer (10 mM Tris, pH 8.5) before being transferred to LB broth, followed by culturing in a shaking incubator at 37 °C and 200 rpm. The microbead diameters were measured using optical microscopy.

Encapsulation Efficiency {#sec2.9}
------------------------

The encapsulation efficiency was calculated as follows:where *N*~bead~ is the number of bacteria in the hydrogel beads (without UV irradiation), and *N*~precursor~ is the number of bacteria before encapsulation; both are expressed as colony-forming unit (cfu)/mL. The number of bacteria in the hydrogel beads was evaluated as follows: The hydrogel beads were first separated from the gelling bath solution via a cell strainer and washed with excess 100 mM CaCl~2~ six times to remove free bacteria. Then the hydrogel beads were disrupted and dissolved using a sterile 50 mM sodium citrate solution for 15 min with gentle shaking. The solution obtained was serially diluted in Ringer's solution, and the number of bacteria was evaluated by counting the colonies on LB agar plates after incubation at 37 °C for 24 h.

Bacteria Live/Dead Staining {#sec2.10}
---------------------------

After separating the microbeads from the culture media via filtration (Cell strainer, 40 μm mesh, Corning), 200 μL of fresh LB broth with 20 μg/mL propidium iodide (PI) and 100 μg/mL fluorescein diacetate (FDA) were added to resuspend the beads. After incubation in the dark at 25 °C for 5 min, the beads were filtered using the 40 μm mesh filter and washed with fresh LB broth to remove excess dye. The labeled samples embedded on a microscope slide (VWR, Germany) with a marking film (depth 0.25 mm, Carl Roth, Germany) and sealed with a glass cover (Menzel-Gläser, Germany) and Rotiseal (Carl Roth, Germany) to avoid evaporation were analyzed under an inverted fluorescence microscope (Axiovert 135, Carl Zeiss, Germany). The number of live and dead bacteria was counted using ImageJ.

Determination of Bacteria Density in the Beads {#sec2.11}
----------------------------------------------

The growth of bacteria inside the microbeads over time was evaluated. The 0.3 mg alginate-based beads were suspended in 8 mL of LB medium and incubated at 37 °C. After 2, 4, 6, and 24 h culture, the number of bacteria inside beads was evaluated as above-described via counting the number of colonies formed on LB agar plates (plate count method). The data shown are the mean of three independent experiments. Bacteria viability in the hydrogel beads during storage at 4 °C was investigated via live/dead staining and CFU tests.

Leaching Tests and Proliferation of Encapsulated Bacteria {#sec2.12}
---------------------------------------------------------

Alginate and alginate-MA beads were separated from suspension via filtration (Cell strainer, 40 μm mesh, Corning) and washed with excess 20 mM CaCl~2~ solution at least 4 times to remove nonencapsulated bacteria. The washing solution was collected and poured on agar plates. The agar plates were incubated at 37 °C for 24 h. The number of bacteria in the washing solution was evaluated by counting the colonies on LB agar plates. The alginate and alginate-MA beads were resuspended in fresh LB medium and stored at 37 and 4 °C, respectively. The bead concentration was about 9000 beads/mL. For storage at 37 °C, the suspension was separated from beads via filtration (Cell strainer, 40 μm mesh, Corning) after 2, 4, and 6 h incubation. The bead-free suspension was serially diluted in Ringer's solution, and the number of bacteria was evaluated by counting the colonies on LB agar plates after incubation at 37 °C for 24 h. For storage at 4 °C, the number of bacteria in the suspension was evaluated as described above after 1, 3, 14, and 35 days incubation.

Scanning Electron Microscopy (SEM) Study {#sec2.13}
----------------------------------------

Alginate-MA beads were fixated using glutaraldehyde (1.5%) and paraformaldehyde (3%) in DPBS (Dulbecco's phosphate-buffered saline with calcium and magnesium, Life Technologies, 1× dilution) for 2 h at 4 °C. Then the beads were dehydrated in an ethanol/water mixture at ethanol concentrations of 30%, 50%, 70%, 80%, 90%, and 95% for 15 min each and 100% for three times 15 min each. Dehydrated samples were then submerged completely in distilled hexamethyldisiloxane (HMDS) twice for 10 min followed by air-drying. Samples were sputter-coated with a thin layer of gold (∼10 nm thickness) and images obtained using a field emission scanning electron microscope (ZEISS ultra-55, Germany).

Characterization of *E. coli* PLuxR-GFP Sensing in Alginate-Based Beads via AHL-Assay {#sec2.14}
-------------------------------------------------------------------------------------

The fluorescence intensity due to the GFP expression was monitored in the presence of 1.0 × 10^--5^, 1.0 × 10^--6^, and 1.0 × 10^--7^ mol/L *N*-(3-oxododecanoyl)homoserine lactone. Planktonic bacteria and bacteria encapsulated inside the alginate-based beads were mixed with LB broth and transferred in triplicate aliquots of 200 μL for induction with 3OC~12~HSL into a transparent, flat-bottom 96-well plate. The plate was incubated in a shaking incubator at 37 °C and 200 rpm. After every 30 min, the OD~600~ and the fluorescence intensity were recorded using a microplate reader. The OD~600~ and the fluorescence intensity of LB medium were used as background.

Fabrication of Dipstick Type Biosensor {#sec2.15}
--------------------------------------

A dipstick type biosensor was fabricated by entrapping reporter bacteria loaded alginate-MA beads into a transparent poly(ethylene glycol) (PEG)-based hydrogel film (30 mm × 10 mm × 5 mm). After the beads had formed in the gelling bath, as described in [Hydrogel Microbead Formation](#sec2.4){ref-type="other"} section, the beads were filtered and resuspended in LB medium with 0.1% Irgacure 2959 and 10 wt % poly(ethylene glycol) diacrylate (*M*~n~*=* 575 g/mol, Sigma-Aldrich). Then the bead--precursor system was exposed to UV irradiation for 5 min. The formed hydrogels were cut with scalpel to the desired dimensions.

Results and Discussion {#sec3}
======================

Alginate-MA Hydrogel Beads {#sec3.1}
--------------------------

Photo-cross-linkable alginate (alginate-MA) was prepared using glycidyl methacylate, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, according to the method described by Leach et al.^[@ref16]^ Ionic cross-linking, due to the rapid reaction speed, was used in electrostatic extrusion process for beads formation, while photo-cross-linking, due to the irreversible covalent bonding, was used to increase the stability of beads ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The photo-cross-linking accelerates the stabilization of the fabricated alginate beads under mild conditions compared to the known thermal route reported by Wang et al. for the encapsulation of eukaryotic cells.^[@ref15]^ An excess of glycidyl methacrylate with respect to alginate was used because of the poor solubility and hydrolysis in aqueous medium. Two reactions occurred, including a reversible transesterification through the primary group and an irreversible ring-opening conjugation through the carboxylic acid group.^[@ref17],[@ref18]^

![Methacrylation of alginate by reaction with glycidyl methacrylate. The two competing pathways of transesterification and ring-opening may occur.](am-2017-071667_0002){#fig2}

Because of the short reaction time used here, both ring-opening and transesterification reactions occurred. The formation of the products in the alginate-MA reaction was confirmed by ^1^H NMR spectroscopy ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 1). Resonances at 5.65, 6.09, and 1.83 ppm verified the presence of methylene and methyl protons (CH~a~H~b~=C(CH~3~)−) coupled to the grafted methacrylate. The degree of substitution is defined as the amount of methacrylate groups per guluronic acid repeat unit and was calculated from the relative integrals of the signals for the methacrylate protons and the protons of guluronic acid (4.94 and 4.34 ppm).^[@ref13],[@ref14],[@ref19],[@ref20]^ The degree of substitution was calculated as 10%. A higher degree of substitution (∼25%) can be achieved by increasing the ratio of glycidyl methacrylate and alginate, reaction time, or by using dimethylformamide as a cosolvent (data not shown).

Electrostatic extrusion, which is conducted under mild conditions without using high temperatures or organic solvents,^[@ref21],[@ref22]^ was used for microscale beads formation. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, a syringe pump was used to deliver the polymer solution to the end of a needle. An electric potential was applied between the needle and the gelling solution. The generated electric field causes mobile ions in the polymer solution to accumulate near the surface of the pendant meniscus. At sufficiently high electric fields, the electrostatic stress overcomes the capillary tension, and a jet of drops is formed to expel some portion of the surface charge (Rayleigh limit).^[@ref23]^ An optical microscopy image of 2 wt % alginate-MA beads formed at electric potential of 6.0 kV is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The effect of the applied voltage was investigated by a comparison of the bead sizes. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows that the bead diameter decreased from 2.3 mm to less than 200 μm with increasing the applied electric potential *U* up to the critical electric potential, *U*~c~. *U*~c~ is characterized by surface tension of the polymer solution at *U* = 0 and the internal diameter of the needle.^[@ref24]^ By increasing the applied electric potential from 3.0 to 6.0 kV, the shape of formed hydrogel beads became more regular and uniform (the coefficient of variance decreased from 20% to 5%, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 2). Photochemically cross-linked alginate-MA beads had similar diameter distributions as neat alginate beads formed under the same conditions, which indicates that the substitution of alginate with methacrylic acid as well as the polymerization did not influence the bead formation markedly. At an electric potential of 6.0 kV, 2% w/v alginate-MA formed hydrogel beads exhibit an average diameter around 184 μm and 3.2% coefficient of variance ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), and the circularity 4π*A*/*P*^2^ was 0.92 ± 0.02 (where *A* represents the projected bead area and *P* the bead perimeter observed by optical microscopy). With increasing polymer concentration, the bead diameter was observed to increase. For 1 and 4 wt % alginate-MA, the average diameters were 140 and 200 μm, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). The circularity 4π*A*/*P*^2^ calculated from the optical microscopy images was 0.90 ± 0.03 for 1 wt % alginate-MA beads and 0.95 ± 0.04 for 4 wt % alginate-MA beads.

![(a) Optical microscopy image of 2 wt % alginate-MA beads at electric potential of 6.0 kV. (b) Plot of bead diameters for 2 wt % alginate and alginate-MA for different applied electric potential; the data are presented as arithmetic mean ± standard deviation calculated from at least three replicates. (c) Bead diameter distribution of 1, 2, and 4 wt % alginate-MA at electric potential of 6.0 kV. (d) Fluorescence microscopy image of 2 wt % fluorescein-labeled alginate-MA beads; beads were formed at electric potential of 6.0 kV.](am-2017-071667_0003){#fig3}

Alginate-MA was also fluorescently labeled by conjugation with fluoresceinamine for polymer distribution characterization. The bead size distribution was first investigated using fluorescence microscopy. Fluorescently labeled alginate beads possess a similar size distribution and shape as nonlabeled beads ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 3), which indicates that the comparatively low labeling ratio had insignificant influence on the bead formation process. The distribution of labeled alginate-MA in the beads was examined with confocal laser scanning microscopy. Images were obtained by scanning through a section of the beads. As shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 4, in the absence of nongelling ions, the fluorescence intensity of the polymer at the surface was about 20% ± 5% higher than that in the center. This is in accordance with previously reported observations for alginate beads.^[@ref25]−[@ref27]^ This gradient is attributed to the rapid and virtually irreversible gelling characterized by strong binding of the carboxylate groups of the alginate with the cross-linking Ca^2+^ ions and therefore a gradient in cross-linking density. A higher polymer concentration leads to a higher local concentration of pendant methacrylic acid groups for photopolymerization and therefore ultimately higher cross-linking density.

Swelling and Stability of Hydrogel Beads {#sec3.2}
----------------------------------------

Since the alginate gelling via Ca^2+^ can be reversed by removing the divalent cations, the hydrogel network is destabilized with time. To investigate this effect, the swelling ratios of alginate-based beads in sodium citrate (5 mM) and sodium chloride solution (0.9 wt %) were evaluated for 35 days. From the circularity calculated from optical microscopy images of beads and SEM images of dried alginate-MA beads ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 5), the volume swelling ratios of beads were calculated based on the assumption that beads were spheres. Alginate and alginate-MA beads swelled, but remained intact, since such low ion concentrations only slightly weaken the polymer network.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows that the alginate beads swelled fast for the first 2 h and reached equilibrium within 24 h in both citrate and sodium chloride solution. The equilibrium swelling ratio (ESR) of alginate beads was 170% ± 60% and 65% ± 10% for 5 mM citrate and 0.9 wt % NaCl, respectively. Conversely, alginate-MA beads reached swelling equilibrium in 2 h with an ESR of ∼20% for both solutions. For long periods of incubation, the swelling ratio of the beads slightly decreased, which may be due to the dissolution of some lose polymer chains. The behavior of alginate-based beads in solutions with different calcium concentration is shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 6.

![(a) Swelling ratio of alginate and alginate-MA beads in 5 mM sodium citrate and 0.9 wt % NaCl solution vs time. The data are presented as arithmetic mean ± standard deviation calculated from at least 50 randomly chosen microbeads from microscopy images. (b) Ratio between dried bead weight at time *t* and dried bead weight at time 0 in 0.9 wt %, 1.8 wt %, and 5 mM citrate solution. The solution was changed at every measured time point. The data are presented as arithmetic mean ± standard deviation calculated from at least three technical replicates.](am-2017-071667_0004){#fig4}

Hydrogel beads swelled in 2 mM CaCl~2~ but shrank at higher concentration (20 and 100 mM) after immersion for 1 day. The shrinking in volume may be due to the rearrangement of alginate chains to form a more rigid network and the osmotic pressure. Alginate beads showed higher ESR in chelation (citrate) or nongelling ions (Na^+^) solution than in CaCl~2~ solutions of different concentration. These observations indicate that the properties of ionically cross-linked alginate beads are influenced by the incubation medium. By contrast, alginate-MA beads exhibited limited swelling with swelling ratios not exceeding 30% in 0.9 wt % NaCl, 5 mM sodium citrate, and CaCl~2~ solutions, which indicates that the swelling properties are mainly governed by the covalent cross-linking.

The stability of the hydrogel beads was studied gravimetrically ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). After each measurement, fresh incubation media was added. After changing 5 mM sodium citrate solution 3 times, or 1.8 wt % NaCl solution 5 times, or 0.9 wt % NaCl solution 6 times, the alginate beads were totally dissolved. By contrast, the cross-linked alginate-MA beads remained partially stable even after 6 times media changes independent of the medium. These data are evidence in support of a significant reinforcement of the hydrogel by the photochemically introduced cross-links. The increased cross-link density is thus directly translated to a reduced swelling ratio and increase stability.

Permeability of Hydrogel Beads for AHLs {#sec3.3}
---------------------------------------

The uptake of AHL autoinducers into the alginate-based hydrogel beads was studied by investigating the uptake of a model molecule *N*-dodecanoyl-[l]{.smallcaps}-homoserine lactone-3-hydrazone-fluorescein (FITC-AHL). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows that the concentration of FITC-AHL in the solution decreased and the concentration of FITC-AHL in the beads increased already within 1 min and reached a plateau (diffusion equilibrium) after 2 min, which indicated that FITC-AHL could penetrate into both alginate and alginate-MA beads within minutes. The rapid uptake of FITC-AHL indicates the reinforcement of alginate beads has no significant influence on the permeability of the alginate-based beads for AHL autoinducers. The measured FITC-AHL concentration in the beads was around 50--60% of the concentration in the solution, which may be attributed to the loss of FITC-AHL during the beads separation process.

![Plots of (a) normalized FITC-AHL concentration in the solution against time and (b) ratio between FITC-AHL concentration inside the beads and in the surrounding solution over time; the same volume of alginate or alginate-MA beads was immersed in the FITC-AHL solution. The data are presented as arithmetic mean ± standard deviation calculated from at least three replicates.](am-2017-071667_0005){#fig5}

Bacteria Encapsulation, Proliferation, and Storage {#sec3.4}
--------------------------------------------------

To test the feasibility of alginate-MA beads used for fabricating biosensor arrays, *E. coli* pLuxR-GFP, used as model reporter bacteria, was compartmentalized into hydrogel beads. The number of viable bacteria inside beads after encapsulation was investigated first by calculating the encapsulation efficiency. The encapsulation efficiency has been reported before to rely on many factors, including bacteria strain, polymer type, polymer concentration, and especially the encapsulation method.^[@ref11]^ The encapsulation efficiency of *E. coli* pLuxR-GFP into 2 wt % alginate-based beads via electrostatic extrusion method used here was calculated as 76 ± 14% ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 9) by performing the plate count method, which is in the encapsulation efficiency range (from 55% to 83%) reported by Corbo et al.^[@ref28]^[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows that the beads with bacteria inside have uniform shape and sizes, and the bacteria were homogeneously distributed inside the hydrogel beads. The average diameter slightly increased to 185 μm compared to beads without embedded bacteria, which may be due to the increase of the viscosity of the solution during electrojetting.

![(a) Optical microscopy image of bacteria loaded alginate-MA beads. (b) Live/dead staining of bacteria inside beads after 5 min UV irradiation, 0.1 wt % Irgacure 2959; green staining indicates viable bacteria, red staining indicates dead bacteria. (c) Fraction of live *E. coli* pLuxR-GFP before encapsulation, after encapsulation without UV irradiation, and after 5 min UV irradiation; the data are presented as arithmetic mean ± standard deviation calculated from at least three biological replicates, one-way ANOVA. (d) Natural logarithm plot of normalized *E. coli* pLuxR-GFP population density inside alginate and alginate-MA beads incubated in LB broth. (e) FDA staining of live bacteria entrapped in alginate-MA beads after 24 h incubation in LB media at 37 °C. (f) SEM image of *E. coli* pLuxR-GFP cluster inside alginate-MA bead; inset is a high-magnification image of entrapped *E. coli* pLuxR-GFP.](am-2017-071667_0006){#fig6}

The UV damage on bacteria viability was further studied. Since it is known that short wavelength UV light may damage bacterial DNA, depending on the exposure wavelength and exposure time,^[@ref29],[@ref30]^ a wavelength of 365 nm was chosen for the photo-cross-linking. Irgacure 2959 was used as initiator because it has been reported to exhibit relatively low cytotoxicity and has been used for cell encapsulation and biomedical applications before.^[@ref31],[@ref32]^ 5 min UV irradiation time and 0.1 wt % Irgacure 2959 were determined as best conditions for the whole study to preserve bacteria vitality. By recording an *E. coli* pLuxR-GFP growth curve based on OD~600~ kinetic measurements after UV irradiation, it turned out that *E. coli* pLuxR-GFP had a longer lag time after UV irradiation, while the generation time was constant (about 25 min) compared to bacteria not exposed to UV irradiation ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 8).

Hydrogel beads containing bacteria could be distinguished from nonbacteria or nonproliferating bacteria beads based on the difference in light scattering properties ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). The time-lapse images of alginate-MA beads are presented in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 10. The light scattering properties changed over time, and small clusters were formed, which indicates the entrapped bacteria proliferated inside beads. A live/dead cell assay was used for viability analysis of bacteria after encapsulation and subsequent UV irradiation. In this assay, FDA stains live bacteria in green, while PI can only penetrate the membrane of dead cells and thus stains dead cells in red ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). The average percentage of live bacteria in LB media before encapsulation was 93%, while the average ratio of viable bacteria inside the MA-beads without UV irradiation was 83% ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c). After 5 min UV irradiation, the fraction of viable cells was 81 ± 10%. These results indicate that the low concentration of initiator, the short UV irradiation time, and the long UV wavelength used possess low impact on bacteria viability. It cannot be excluded that the possible elongation of the cell membrane during extrusion has an additional minor effect on the cell viability.^[@ref33]^ To check the dynamics of *E. coli* pLuxR-GFP growth in alginate-based beads, beads containing approximately 300 cells at the beginning of cultivation were incubated in LB medium at 37 °C, and the bacteria population density was recorded over time using a standard plate counting method after bead lysis via citrate. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d indicates that the growth curves of bacteria in hydrogel beads were similar to those of planktonic bacteria in bulk liquid media, including the exponential-growth phase and the saturation phase. The generation time calculated from maximum growth rate was about 50 min, which was longer than the generation time of planktonic bacteria in bulk LB broth (∼25 min), which might result from the limitation of space, nutrition, oxygen, etc., inside the beads. After 24 h incubation in LB medium at 37 °C, the live *E. coli* pLuxR-GFP entrapped in alginate-MA beads were stained with a green fluorescent dye ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e). Strong green fluorescence intensity suggests the large number of live bacteria inside the beads. SEM images of *E. coli* pLuxR-GFP inside alginate-MA beads showed that the bacteria formed aggregates of cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}f), which may be because the segregation of divided cells was confined in the hydrogel networks.

The leaching of *E. coli* pLuxR-GFP from the alginate-based beads was evaluated by determining the bacteria population density in the suspension of beads at 37 and 4 °C incubation. Before incubation, the free bacteria attached on the bead surface were removed by continuous washing with excess amount of 20 mM CaCl~2~ solution. The number of bacteria in the washing solution was determined via counting the number of colonies formed on LB agar plates (Table S3 in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf) part 11). After incubation at 37 °C ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a), the free bacteria in the suspension may originate from two sources: one is the leakage or escape of encapsulated bacteria from alginate-based beads, and the other one is the proliferation of planktonic bacteria that were not initially removed in the LB medium. With increasing concentration of alginate, the number of bacteria in the suspension was reduced. For beads with the same concentration of polymer, the concentration of planktonic bacteria in the alginate bead suspension was higher than that of alginate-MA bead suspension. For storage at 4 °C ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b), the number of free bacteria in alginate-MA bead suspension was around 10 times lower than that of the alginate bead suspension during the time period investigated. The number of bacteria in the suspension dropped down after 35 days incubation, likely due to the decrease of bacteria viability during storage (see below). All these results confirm that the reinforcement by rapid photo-cross-linking indeed reduced the leakage of encapsulated bacteria significantly.

![*E. coli* pLuxR-GFP population density in alginate and alginate-MA bead suspensions vs storage time for storage at (a) 37 °C and (b) 4 °C.](am-2017-071667_0007){#fig7}

The viability of *E. coli* pLuxR-GFP inside alginate-based beads during storage at 4 °C in LB medium was investigated via a standard plate counting method and the FDA/PI live/dead cell assay. As shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, the initial bacterial concentration was around 1 × 10^8^ cfu/cm^3^ for both alginate and alginate--methacrylate beads. The bacterial concentration inside alginate-based beads decreased and showed a tailing effect with a residual bacteria concentration of 1 × 10^6^ cfu/cm^3^ after 35 days; after 5--6 days the bacteria concentration was one-half of its initial value. The live cell fraction from live/dead cell staining was shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b. The decrease of live cell fraction for both alginate-based beads during storage is consistence with the results from plate counting method. Both methods proved that a portion of bacteria kept viability after 35 days storage.

![(a) Bacteria number inside alginate-based beads during 4 °C storage determined via plate count method. (b) Fraction of live bacteria inside alginate-based beads during storage at 4 °C determined via live/dead staining; the data are presented as arithmetic mean ± standard deviation calculated from at least three biological replicates.](am-2017-071667_0008){#fig8}

Characterization of *E. coli* PLuxR-GFP Encapsulated in Alginate-Based Beads {#sec3.5}
----------------------------------------------------------------------------

To investigate the response of encapsulated *E. coli* pLuxR-GFP to autoinducers, 3OC~12~HSL, as one of the autoinducers used by *P. aeruginosa*, was added to the bead suspension. The fluorescence intensity of *E. coli* pLuxR-GFP entrapped in alginate and alginate-MA beads with and without exposition to 3OC~12~HSL was recorded. In the presence of 1.0 × 10^--6^ mol/L 3OC~12~HSL, the fluorescence intensity was 11 ± 1 and 11 ± 2 times higher than in the absence of autoinducers for alginate beads and alginate-MA beads, respectively ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a). This result shows that the sensing performance of the AHL-reporter strain tested here encapsulated in the alginate-MA matrix is at least as good as in the unmodified alginate matrix. A fluorescence microscopy image of alginate-MA beads is presented in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b. The entrapped *E. coli* pLuxR-GFP exhibited a strong green fluorescence in the presence of 3OC~12~HSL, which indicates the entrapped bacteria sense and respond to 3OC~12~HSL in surrounding environment. To quantify the autoinducer-response, the fluorescence intensity and the population density (OD~600~) of bacteria in LB medium and inside alginate-based hydrogel beads were recorded over time with/without exposition to 3OC~12~HSL. The fluorescence intensity per cell (fluorescence intensity divided by OD~600~), as a relative measure for GFP expression, was normalized to control cultures (not exposed to 3OC~12~HSL). As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c, a sharp increase in fluorescence intensity was observed for bacteria in both LB medium and alginate-MA beads in the presence of 1.0 × 10^--5^, 1.0 × 10^--6^, and 1.0 × 10^--7^ mol/L 3OC~12~HSL. For bacteria in LB medium, the GFP expression increased when exposed to 3OC~12~HSL and reached a maximum after 4--5 h incubation with all 3OC~12~HSL concentrations tested. The fluorescence intensity per cell was around 12 times higher than without induction. Exemplary data after 4 h of incubation from one out of three repeated experiments are shown in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf). When bacteria were encapsulated into alginate-based beads and exposed to 3OC~12~HSL, the fluorescence intensity per cell increased with time and reached a maximum (6--13 times higher than without induction) around 3 h culture ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d), so the maximum signal developed even faster than in LB-Medium. Overall, the AHL concentration tested here is in the range of the extracellular concentration of 3OC~12~HSL (1.0 × 10^--6^--1.0 × 10^--7^ mol/L) present close to the site of *P. aeruginosa* infections, as reported earlier.^[@ref7],[@ref34],[@ref35]^ This implies that the alginate-MA encapsulated *E. coli* pLuxR-GFP sensing device would be sensitive enough to detect the 3OC~12~HSL natively produced by *P. aeruginosa.*

![(a) Fluorescence intensity (normalized to that of alginate-based beads in the absence of autoinducers) of *E. coli* pLuxR-GFP in alginate-based beads exposed to 1.0 × 10^--6^ mol/L 3OC~12~HSL. (b) Fluorescence microscopy image of beads loaded with *E. coli* pLuxR-GFP in the presence of 1.0 × 10^--6^ mol/L 3OC~12~HSL after 3 h incubation. Normalized GFP expression of *E. coli* pLuxR-GFP in the presence of 1.0 × 10^--5^, 1.0 × 10^--6^, and 1.0 × 10^--7^ mol/L 3OC~12~HSL (fluorescence intensity divided by OD~600~ and normalized to that of *E. coli* pLuxR-GFP culture in the absence of 3OC~12~HSL which was set to "1" as a reference) over time: (c) in LB medium; (d) inside of alginate-MA beads.](am-2017-071667_0009){#fig9}

To demonstrate the potential of the system investigated here, a dipstick type biosensor was fabricated by dispersing *E. coli* pLuxR-GFP loaded alginate-MA beads in a poly(ethylene glycol)-based hydrogel film (30 mm × 10 mm × 5 mm), as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. The entrapped *E. coli* pLuxR-GFP in the dipstick type biosensor proliferated and responded to 1.0 × 10^--6^ mol/L 3OC~12~HSL with a strong fluorescence signal ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c).

![(a) Schematic diagram of dipstick type biosensor. (b) Optical microscopy image of alginate-MA beads loaded with *E. coli* pLuxR-GFP that were dispersed in PEG-based hydrogels (time 0). (c) Fluorescence microscopy image of dipstick type biosensor in the presence of 1.0 × 10^--6^ mol/L 3OC~12~HSL after 3 h incubation.](am-2017-071667_0010){#fig10}

Conclusion {#sec4}
==========

In summary, the alginate--methacrylate, obtained from reaction with glycidyl methacrylate, was used to fabricate hydrogel beads with controllable diameters in the range of 100--300 μm via an electrostatic extrusion method. The combination of ionic cross-linking and photo-cross-linking affords the formation of stable and robust alginate-based microbeads with decreased swelling ratio, increased stability, and good permeability of dye-labeled autoinducers. The AHL sensing *E. coli* pLuxR-GFP, as model bacteria, was encapsulated into alginate-MA hydrogel beads with an encapsulation efficiency of 76 ± 14%. The encapsulated bacteria inside the hydrogel beads kept their high viability and proliferated inside the beads with a maximum generation time of 50 min, when exposed to bacteria culture medium. The increased bead stability leads to a 10 times decrease in bacteria leaching from the beads, while the entrapped bacteria kept high viability during storage at 4 °C. Upon exposure to 3OC~12~HSL in the concentration range of 1.0 × 10^--5^--1.0 × 10^--7^ mol/L, the entrapped bacteria exhibited 6--13 times increased fluorescence intensity due to GFP expression as a response to the autoinducer trigger after 3 h. These results and the feasibility test with a prototype dipstick sensor show that the alginate-MA hydrogel beads with encapsulated engineered bacteria possess considerable potential to be used as whole sensors for *P. aeruginosa* detection.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.7b07166](http://pubs.acs.org/doi/abs/10.1021/acsami.7b07166).^1^H NMR spectra, optical microscopy images of alginate-MA beads, fluorescein-labeled alginate-MA synthesis and the alginate distribution inside beads investigation, SEM image of alginate-MA bead, hydrogel swelling in CaCl~2~ solutions and 50 mM sodium citrate, FITC-AHL standard curves in Tris buffer and citrate solution, *E. coli* pLuxR-GFP growth curve and fitting, encapsulation efficiency, time-lapse images of bacteria proliferation inside alginate-MA beads, scheme of the washing process and bacteria density in beads washing solution, fluorescence intensity and OD~600~ of *E. coli* pLuxR-GFP in the presence of 3OC~12~HSL ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07166/suppl_file/am7b07166_si_001.pdf))
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